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Abstract
This paper contributes to the feasibility of a wind turbine/battery system with a hybrid power optimization controller. The proposed 
method is based on a mathematical optimization approach and allows to achieve an efficient operation of the maximum power point 
tracking (MPPT) algorithms to obtain an optimal performance level of the wind system and a minimal stress on the battery storage. 
The different powers have been controlled by a power management control (PMC) method. The objectives of the PMC based are, in 
first part to satisfy the load power demand and in second part to maintain the state of charge of the battery bank to prevent blackout 
and to extend the batteries life. A measurement of wind speeds was made during a whole day using a data acquisition system at the 
laboratory. Also, the different wind turbine parameters were identified at the same Laboratory. All these parameters have been used 
in simulation models in order to obtain the most realistic mathematical models that are close to the experiment. Real time simulation 
is performed using RT LAB simulator and the obtained results were matching those obtained in numerical simulation using Matlab/
Simulink. The obtained results under two different wind speed profile, with the different comparisons are presented to show the 
feasibility and the improvement of the proposed study in terms of power, efficiency, time response and effect on battery state of 
charge under two different wind speeds profile.
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1 Introduction
Due to the different advantages of wind energy conversion 
systems (WECS) with battery storage, great attention has 
been accorded to them [1–7]. The most important advan-
tage of these hybrid systems is not only to provide a con-
tinuous energy whatever the load variations and under dif-
ferent metrological conditions, but to generate the various 
sources in an intelligent way, by using power management 
controls (PMC), that satisfies the load demand and main-
tains the battery state of charge.
The main disadvantage of WECS is that the output power 
varies depending on the wind speeds. Therefore, it is not 
easy to keep the maximum wind turbine power output for 
all wind speed conditions. A variety of MPPT approaches 
have been considered. to track the maximum power point 
of the wind turbine [8–12]. They all have the objective of 
power maximization. However, each of them differs from 
the other according to different characteristics such as pre-
cision (accurate or no), tracking process, the need or not of 
microcontroller (nature of analog or digital circuits), dif-
ficulty of implementation with complex algorithms, con-
vergence time (tracking factor), efficiency, price (more or 
less expensive), sensor number, independence or no of sys-
tem characteristics, number of input variables, stability. 
The most used algorithms are Tip Speed Ratio (TSR), Hill 
Climbing Search (HCS), Optimal Torque Control (OTC), 
Power Signal Feedback (PSF), Fuzzy Logic Controller 
(FLC), Genetic Algorithm (GA), Artificial Neural Network 
(ANN) based controller; Adaptive Neuro-Fuzzy Inference 
System (ANFIS), Particle Swarm Optimization (PSO), … . 
The HCS algorithm is the most popular approach because 
of its ease of implementation. It compares the previously 
delivered power with that after the disturbance. In the PSF 
method, a reference power signal is generated to obtain the 
optimal power PTb-opt. OTC method adjusts the generator 
torque to its optimal Tem-opt at different wind speeds. In FLC, 
inputs controllers are power variation (ΔPTb) and speed 
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variation (ΔωTb) and the output is the reference speed vari-
ation (ΔωTb,ref). In order to converge to the optimal point, 
the rules will depend on the variations of power and speed.
Different architectures of the multi-source system 
were suggested with different power management con-
trols (PMC) Some of them are logic-based and others are 
intelligent-based. These are more interesting especially for 
stand-alone applications [13–24]. All PMC strategies are 
founded on the concept of output power control of each 
source and protecting the storage systems used. Authors 
in [13] synthesized the most important supervisory con-
trols and different energy management methods used. 
In another study [14], an extensive review of energy man-
agement methods in renewable energy systems has been 
conducted. The authors in [15], have presented different 
methods to utilize excess energy in renewable systems. 
Different methods have been presented to improve the 
operation without additional cost. In [16], energy manage-
ment control (EMC) is developed using a predictive con-
trol strategy and applied to a wind/photovoltaic system 
with battery storage. This method achieves optimal val-
ues and the overall cost has been reduced. In other stud-
ies [17, 18], Artificial intelligence methods are being exten-
sively applied in supervision of renewable energy systems. 
For example, in [19–22], authors apply PMC for photovol-
taic Installations and in [23, 24] for electric vehicle. The 
PMC developed in these publications, take into account all 
the input variables by considering the power optimization 
by a hybrid MPPT method. The supervision used allows 
controlling the different output powers, to protect the stor-
age system and to regulate the DC voltage.
This paper discusses to the feasibility of a wind energy 
installation with a battery storage and equipped with 
a hybrid power optimization controller. This control-
ler allows to achieve an efficient operation of the MPPT 
algorithms to obtain an optimal performance level of the 
wind system and a minimal stress on the battery of the 
studied system. This new and improved level of the con-
troller is based on a mathematical optimization method. 
In this work, OTC and FLC methods have been first stud-
ied and then due to the advantages and disadvantages of 
each MPPT method, hybrid algorithm have been proposed 
(Hyb(OTC/FLC)).A PMC was also applied. It is based on 
control the different powers (the power supplied by the 
wind generator (PTb), the power supplied or required by the 
battery for compensation or recharge respectively (PBat) 
and the power required by the load (PLoad). The objectives 
of the PMC based are, in first part to satisfy the load power 
demand and in second part to maintain the state of charge 
of the battery bank to prevent blackout and to extend the 
batteries life. To keep constant the voltage DC bus con-
stant whatever the wind speeds variations, field-oriented 
control (FOC) based on hysteresis current has been used.
The different wind turbine parameters were identi-
fied at the LTII Laboratory at the University of Bejaia 
(Algeria). Wind speeds measurements have been per-
formed during a whole day using a data acquisition system 
(DAS). All these parameters have been used in simulation 
models in order to obtain the most realistic mathemati-
cal models that are close to the experiment. The obtained 
results using MATLAB/Simulink are presented and ana-
lyzed. The proposed PMC with hybrid MPPT algorithm 
(Hyb(OTC/FLC)) is integrated to the WECS with bat-
tery storage, under two wind speed profile. The first one 
reports experimental data from laboratory wind speed 
measurement system while the second one is based on 
data from a chosen step profile. The obtained results show 
a the best performances of Hyb(OTC/FLC) in terms of 
power, response time, efficiency and effect on the battery 
state of charge level. Real time simulation is performed 
using RT LAB simulator in the LTII laboratory and the 
obtained results were matching to those obtained in sim-
ulation using Matlab/Simulink. The obtained results with 
the different comparisons are presented to show the feasi-
bility and the improvement of the proposed study.
2 System description
The studied system configuration architecture is shown 
in Fig. 1. It comprises a wind turbine based on PMSG, A 
rectifier, DC/DC converter, batteries storage, a load and a 
power management control unit to manage the different 
powers. For the wind power maximization three hybrid 
algorithms have been proposed. The field-oriented control 
(FOC) has been used to keep the voltage DC bus constant 
whatever the wind speeds variations. 
3 Wind turbine parameters identification
The installed wind turbine in the LTII Laboratory (Fig. 2) 
is about 900W peak power with a Whisper controller and 
battery system.
The different identified parameters are listed in Table 1.
4 Wind speed measurements
Wind speed measurements from a data acquisition device 
were performed at the LTII laboratory (Fig. 3) at the uni-
versity of Bejaia (Algeria). It is a coastal city in eastern 
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Algeria where the average wind speed potential reaches 
6.8 m/s. The DAS consists of a sensor which allow to 
read the wind speeds (m/s), an inverter power interface 
box installed near the inverter and transmits informa-
tion (wind speeds, voltage, current...) to the data interface 
as signals, a data interface recovers the signals from the 
various power interfaces to transmit them to the PC and a 
software for monitoring the different parameters and data 
(ACQUI-SOL). The software allows to display in real time, 
in the form of curves and numerical blocks, the different 
data (wind speed, voltage, current,…) and to display, after 
acquisition, the different curves. The sampling frequency 
during the acquisition of the data is chosen about 100 ms 
and the chosen acquisition period is 24 hours.
Fig. 4 shows the wind speeds during a whole day that 
will be used in the study.
Fig. 1 Studied system
Fig. 2 Installed wind turbine 
Table 1 Wind turbine parameters
Nominal power PN 900 W
Resistance of the stator winding Rs 0.49 Ω
Stator inductance Ls 0.0016 H
Number of pole pairs P 5
Flux Φf 0.148 Wb
Turbine radius RTb  1.05 m
Total inertia J 0.016 kg/m2
Viscous friction coefficient f 0.0001 N.m.s rad–1
Fig. 3 Measurement system
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5 Modeling of the proposed system
5.1 Wind turbine model
The tip speed ratio (TSR) for wind turbines is defined as 
ratio between the rotational speed of the tip of a blade 
ωTb · RTb and the actual wind speed Vwind [25–27].
λ ω= Tb Tb WindR V. /  (1)
The mechanical power PTb is given by:
P C R VTb p Tb wind= ( )1 2 2 3/ . . . . .ρ π . (2)
The power coefficient Cp has a unique maximum Cp-opt 
that corresponds to a maximum power, where:
λ ωopt Tb opt Tb WindR V= − . / . (3)
5.2 PMSG model
In (d, q) reference frame, the electrical equations are [25]:
V R I L dI dt L Isd s sd d sd q sq= + ( ) −/ ω , (4)
V R I L dI dt L Isq s sq q sq d sd f= + ( ) + +/ ω ωΦ , (5)
ω = PΩ , (6)
where Isd, Isq, Vsd and Vsq are respectively currents and volt-
ages in the (d, q) reference frame, Ld and Lq are the gener-
ator inductances in the d-q-axis, P is the pole pair number, 
Rs is the armature resistance, Φf is the permanent magnet 
flux and ω is the mechanical speed.
The mechanical equation is described as follows [27–29]:
J d dt T T fTb em. / .Ω Ω( ) = − − , (7)
T I L L I Iem f q d q d q= ( ) + −( ) 3 2/ . . .Φ . (8)
Tem is the electromagnetic torque, TTb is the aerody-
namic torque and f is the the turbine rotor friction.
The field-oriented control (FOC) based on hysteresis 
current has been used to kept constant the voltage DC bus 
constant whatever the wind speeds variations.
I T Pqref eref f= ( ) ( )2 3. / . .φ  (9)
Idref = 0  (10)
5.3 Storage modeling 
This model it characterized by setting a series of electro-
motive force with a variable resistor, as shown in Fig. 5. 
For nBat cells in series, the battery voltage can be written 
as [24, 30]:
V n E n R IBat Bat Bat Bat Bat Bat= ±. . . , (11)
where: VBat terminal battery voltage, EBat open circuit volt-
age, RBat battery internal resistance, IBat battery current 
and nBat series cells.
The capacity model, giving the amount of energy is 
given by Eq. (13). It is based on the current I10, which corre-
sponds to the operating speed at C10, while T is the heating 
of the accumulator at an ambient temperature [24, 29, 30].
C C I I T
Bat
= + ( )( )( ) +( )10 101 67 1 0 67 1 0 005. . / . / . . .∆  (12)
The state of battery charge is:
SOC Q
CBat
= −1 , (13)
Fig. 4 Measured wind speeds profile at the site in January 2021
Fig. 5 Battery equivalent circuit model
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with:
Q I tBat= . , (14)
where t is the discharging time. 
The voltage battery in charging mode is given as [24]:
V n SOC n I C
I S
Bat ch Bat Bat Bat
Bat
− = +[ ]+ ( )
+( ) +
2 0 16





. OC T1 5 0 002 1 0 007 25. . . ,( ) +  − −( )( )
 
(15)
and in discharging mode, it is given as:
V n SOC n I C
I
Bat dis Bat Bat Bat
Bat
− = +[ ]− ( )
+( ) +







. / . . .
.
27 0 002 1 0 007 25
1 5SOC T( ) +  − −( )( )
 
(16)
6 Maximum power point tracking (MPPT) algorithms
In our work, two methods (OTC and FLC). have been cho-
sen to combine them. It is obtained a hybrid method which 
is the combination of the two methods. This optimization 
method is proposed to obtain better performances.
The first step allows us to choose the different optimal 
values of each MPPT algorithm. Then the second step 
gives the chosen best values of rotational speed and elec-
tromagnetic torque. Finally, in the third step, the selected 
best optimized turbine power is obtained. The proposed 
optimized power calculation can be represented in the fol-
lowing flowchart (Fig. 6).
With: ωoptOTC, ωoptFLC, ωoptHyb(OTC/FLC) are the different 
rotational speed values of each MPPT method, Tem-optOTC, 
Tem-optFLC, Tem-optHyb(OTCFLC) are different electromagnetic 
torque values of each MPPT method, PTb-best is the selected 
best optimized turbine power, ωTb-opt is the optimal turbine 
rotational speed, ωTb-opt,best is the selected best optimal tur-
bine rotational speed, Tem-opt,best is the selected best optimal 
electromagnetic torque and Tem-opt is the optimal electro-
magnetic torque.
7 Simulation results with the different MPPT 
algorithms
The simulations are performed using Matlab/Simulink tak-
ing into account the measured wind speed profile of Fig. 4. 
which represents wind speeds variation of a whole day. 
Figs. 7 and 8 represent, respectively, the mechanical power 
and electromagnetic torque using the three MPPTs used 
for the wind turbine and simulated under the same wind 
speed profile. It can be noticed that hybrid MPPT method 
(Hyb(OTC/FLC)) gives the best results in terms of power 
and electromagnetic torque. 
Voltage battery is represented in Fig. 9 and the state of 
charge in Fig. 10. It is observed that the battery voltage 
remains around its reference voltage of 24V for the hybrid 
method. The less stress on the battery when using the sim-
ple MPPT methods will lead to a reduction in battery dis-
charge. In Fig. 10 it is also noticed at startup (Zoom1), the 
Hyb(OTC/FLC) method does not stress the battery much 
and their SOC stays around the SOCmax of 90%, contrary 
to the FLC method which brings the SOC down to 78.59% 
and in the OTC method the SOC increases to 76.68%.
Fig. 6 Proposed power optimization calculation Fig. 7 Mechanical power
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It is also shown that the SOCmin with the hybrid MPPT 
is around 60% unlike OTC and FLC MPPT method where 
the SOCmin brings to 30%. To conclude, the simulation 
results reveal that the proposed hybrid method provides 
better results than the standard non-hybrid methods. It is 
also observed that when using hybrid method, the SOC 
remains around a maximum value of 90% unlike the two 
other methods (OTC and FLC).
In order to compare the different methods in terms of 
efficiency, power and effect on the state of charge of the bat-
tery, a step change wind speed profile was chosen (Fig. 11).
The turbine power waveform using the different MPPT 
methods is shown in Fig. 12. In order to calculate the dif-
ferent power for each MPPT method, different zooms 
were taken for each time interval which represents a given 
constant speed. 
The different power values are reported in Table 2.
It is noticed that the Hyb(OTC/FLC) method gives 
the highest power values for all wind speeds (from 4 to 
12 m/s). The efficiency of each method has been calculated 
and summarized in Table 3.
Fig. 8 Electromagnetic torque
Fig. 9 Voltage battery
Fig. 10 Battery state of charge
Fig. 11 Step wind speed profile
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It is very obvious from the previous result of the powers 
that for any wind speed, the Hyb(OTC/FLC) method will 
give the best efficiency. As for the response time, a com-
parison of the different methods is summarized in Table 4.
It is clear that the hybrid MPPT method responds faster 
than the non-hybrid methods whatever the wind speeds 
in terms of state of charge (Fig. 13). It can be seen that 
at startup, the Hyb(OTC/FLC) method keeps its state of 
charge between a SOCmax of 90% and a SOCmin of 50%. 
When using non hybrid methods, battery SOC reaches 
a SOCmin of 40%. 
Hence, one can conclude that the hybridization resulted 
in saving around 10 % of battery state of charge. All pro-
posed methods were effective in recovering the maximum 
amount of wind power and were able to achieve the opti-
mal power coefficient at all times.
The different SOC values during the different time 
intervals have been reported in Table 5.
The proposed hybrid method is more efficient than 
the other non-hybrid methods in terms of power, elec-
tromagnetic torque, speed and efficiency. In addition, to 
that, it has enabled the reduction stress applied on storage 
batteries. It can be deduced that Hyb(OTC/FLC) method 
offers often the best performances, so this method will be 
used in our work.
Fig. 12 Mechanical power
Table 2 Evaluation of the different powers
Vwind(m/s) Without MPPT OTC FLC Hyb(OTC/FLC)
10 888.10 1005.00 1002.00 1008.00
7 303.80 343.60 345.40 345.30
4 56.29 63.58 63.68 63.76
9 647.00 732.00 728.60 732.90
12 1536.00 1539.31 1746.00 1745.00




10 98.42 98.13 98.72
7 98.10 98.62 98.59
4 97.29 97.44 97.57
9 98.34 97.88 98.46
12 87.24 98.95 98.90
Table 4 Comparison of the different methods in terms of response time
Vwind(m/s)
Tr (s)
Without MPPT OTC FLC Hyb(OTC/FLC)
10 5.710 0.632 0.383 0.365
7 0.297 0.209 0.220 0.270
4 0.808 0.781 0.301 0.378
9 0.038 0.052 0.031 0.035
12 0.024 0.033 0.022 0.020
Fig. 13 State of charge under chosen step profile




10 90.04 90.07 90,04
7 79.50 82.88 84.72
4 40.00 43.35 48.55
9 90.01 90.06 90.08
12 90.07 90.05 90.07
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8 Real time simulation using Rt Lab simulator
The proposed soft transition strategy was executed in real 
time using OPAL RT LAB simulator. Fig. 14. shows the 
real time simulation bench established in our research 
laboratory which contains the host PC, the FPGA based 
real time simulator (OP 5700), a unit measurement, a data 
acquisition interface (OP8660) and an oscilloscope. After 
the simulation system was decomposed and adapted for 
use in RT LAB, a real time simulation was conducted. The 
measured wind speeds profile (Fig. 4) has been applied. 
The obtained results are compared to the simulation ones 
(Figs. 15–18). In Figs. 15 and 16, three zooms have been 
made on the electromagnetic torque and mechanical power 
waveforms under the measured wind profile. It should be 
observed that the simulation results are also very close to 
the experimental ones with the same remarks previously 
mentioned in simulation results.
The hybrid method (OTC/FLC) provides the best perfor-
mances, particularly for the battery voltage (Fig. 17) which 
keeps almost constant and for the SOC values (Fig. 18) 
given by the hybrid method (OTC/FLC).
Fig. 15 Simulation and experimental waveforms of electromagnetic 
torque under measured wind profile
Fig. 14 Test bench
Fig. 16 Simulation and experimental waveforms of mechanical powers 
under measured wind profile
Fig. 17 Simulation and experimental waveforms of battery voltage 
under measured wind profile
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And in order to make comparisons between the simula-
tion and the experimental results of the three methods in 
terms of efficiency, power and effect on the battery state 
of charge, the same step wind speeds profile (Fig. 11) is 
taken. The different results are listed (Figs. 19–22). 
It can be seen that the simulation results are very close 
to the experimental ones, especially for the battery volt-
age (Fig. 22) which remains almost constant provided by 
the hybrid method (OTC/FLC). Under two different wind 
speed profiles, the simulation results are very similar to 
the experimental ones, which confirms the used model.
9 Application to hybrid wind turbine/batteries system
An application has been made using the Hyb(OTC/FLC) 
MPPT in wind turbine/batteries system with PMC. It is 
based on a system of switches. Where the switch K4 is used 
for the main source (Wind energy), the switch K1 is used 
for battery and the switch K3 for the compensation of the 
two sources. While the switch K2 is used for the excess 
power (Fig. 23).
The available power is expressed as follows:
∆P P PTb Load= − . (17)
Fig. 18 Simulation and experimental waveforms of battery state of 
charge under measured wind profile
Fig. 19 Simulation and experimental waveforms of electromagnetic 
torque under step wind profile
Fig. 20 Simulation and experimental waveforms of mechanical powers 
under step wind profile
Fig. 21 Simulation and experimental waveforms of battery state of 
charge under step wind profile
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It is represented in Fig. 24 and the different powers are 
plotted in Fig. 25 It can be noticed that the proposed PMC 
has well-managed the different sources. Also, a good siz-
ing was done that is a reason that the batteries have not 
been requested too much. Moreover, with the proposed 
Hyb(OTC/FLC), there has been an increase in wind tur-
bine power, so less stress on the batteries.
10 Conclusion
In this paper, the optimization of a wind turbine/battery 
system has been presented. This approach is proposed to 
obtain an efficient operation of the MPPT algorithms. This 
allows us to obtain an optimal level of the wind system 
performances and a minimal stress on the storage battery. 
Then, it was applied in a wind turbine /battery system 
with power management control. The developed power 
control reaches the fixed objectives and the obtained 
results clearly show the good operation of the hybrid sys-
tem whatever the weather conditions variations. Real-time 
simulations performed with the RT LAB simulator have 
confirmed the effectiveness of the proposed method.
Fig. 22 Simulation and experimental waveforms of battery voltage 
under step wind profile
Fig. 23 Proposed Power management control
Fig. 24 Available power
Fig. 25 The obtained different powers waveforms
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